We have succeeded in developing three techniques, a precise lens-alignment technique, low-loss built-in Spatial Multiplexing optics and a well-matched electrical connection for high-frequency signals, which are indispensable for realizing compact high-performance TOSAs and ROSAs employing hybrid integration technology. The lens position was controlled to within ±0.3 μm by high-power laser irradiation. All components comprising the multiplexing optics are bonded to a prism, enabling the insertion loss to be held down to 0.8 dB due to the dimensional accuracy of the prism. The addition of an FPC layer reduced the impedance mismatch at the junction between the FPC and PCB. We demonstrated a compact integrated four-lane 25 Gb/s TOSA (15.1 mm × 6.5 mm × 5.6 mm) and ROSA (17.0 mm × 12.0 mm × 7.0 mm) using the built-in spatial Mux/Demux optics with good transmission performance for 100 Gb/s Ethernet. These are respectively suitable for the QSFP28 and CFP2 form factors.
(Mux) and demultiplexer (Demux). The bit rate density (the ratio of the bit rate to the footprint) of 0.87 Gb/s/cm 2 for the 100GbE CFP is rather smaller than the 1.31 Gb/s/cm 2 of the small form factor pluggable plus (SFP+) [7] used for 10GbE. Downsized 100GbE transceivers, CFP2 (2.24 Gb/s/cm 2 ) [6] , CFP4 (5.06 Gb/s/cm 2 ) [6] , QSFP28 (7.69 Gb/s/cm 2 ) [8] etc., are prerequisite for superseding the current systems. Considering the manufacturing strategies for such small form-factors, only integrated optical sub-assemblies (OSAs) can be used to construct such transceivers.
A number of research groups have proposed various OSA structures with several integration technologies which are basically categorized as monolithic and hybrid types. Mounting four laser diodes (LDs) and an optical Mux, such as a multi-mode interferometer (MMI), on the same indium-phosphide (InP) chip is proposed for the former type [9] , [10] . While there is an advantage of simplified assembly, this structure involves the difficulty of chip fabrication. For the latter, hybrid, type, an OSA constructed by integrating a planar lightwave circuit (PLC) [11] [12] [13] [14] or builtin spatial optics with four LDs has been developed [15] [16] [17] . For these structures, the optics tend to be complex, reducing the manufacturing yield due to unwanted misalignment of the assembly, so a precise alignment technique is essential.
We believe that, while monolithic integration is the ultimate solution for ultra-compact, low-cost high-performance OSAs, the hybrid integration approach is the best current solution for the immediate productization of an OSA, because developing an assembly is rather easier than developing a chip. In addition, the hybrid integration has the advantages in improving output power of the TOSA and sensitivity of the ROSA compared with the monolithic integration due to Copyright c 2017 The Institute of Electronics, Information and Communication Engineers the low insertion losses of several optical components, e.g. Mux/Demux optics and an isolator.
In this paper, we report a compact integrated four-lane 25 Gb/s TOSA (15.1 mm × 6.5 mm × 5.6 mm) and ROSA (17.0 mm × 12.0 mm × 7.0 mm) [17] with built-in Spatial Mux/Demux optics, using three key techniques, a precise lens-alignment technique [14] , [16] , low-loss built-in Spatial Mux/Demux optics [17] and a matched electrical connection for the high-frequency signals [18] . We demonstrate electrical-optical performance which fully meets the 100GbE specification. Figure 2 outlines the structures of the four-lane integrated TOSA and ROSA [17] . For the TOSA, four 25 Gb/s electrical signals are input from a flexible printed circuit (FPC) and four optical signals are generated at different wavelengths in the 1.3 μm band by individual electroabsorption-modulator lasers (EMLs), mounted on a thermos-electric cooler (TEC). The optical signals modulated at 25 Gb/s are combined in a built-in Mux and launched into an optical output interface. For the ROSA, the multiplexed 100 Gb/s optical input is divided into four independent 25 Gb/s signals in built-in Demux optics, and the signals are received by a four-lane PD array. The resulting four 25 Gb/s electrical signals are output through transimpedance amplifiers (TIAs) and an FPC.
Structures of TOSA and ROSA
Generally, in order to realize the various characteristics required for a 100 Gb/s Ethernet system, namely an optical modulation amplitude (OMA) of at least −1.3 dBm for the TOSA [2] , a receiver sensitivity of less than −8.6 dBm (expressed as OMA) for the ROSA [2] , and low-loss electrical transmission of both, it is necessary to resolve three major issues. First, a precise submicron lens-alignment technique is indispensable for realizing lens-coupled multi-lane optical systems. Second, the compact built-in WDM optics need to be assembled in the integrated OSA with low losses. Third, an electrical transmission path with good performance for high speed signals is needed. The technologies used in this model to resolve these issues are described below [14] , [16] [17] [18] .
Precise Lens-Alignment Technique
For conventional single-lane optics, the optical alignment is accomplished by positioning the optical output interface, e.g. a single mode fiber (SMF), receptacle etc., after the EML and lens have been mounted. However, this conventional approach cannot be applied to multi-lane optics, because it is necessary to align the lenses after mounting the EMLs and the optical output interface. Figure 3 plots the calculated coupling loss between the EML and the optical output interface as a function of the position of the lens perpendicular to the optical axis when the positions of the EML and optical output interface are fixed. For comparison, we also show the result for the conventional case as a dashed blue line in the same figure. We assume that the spot size of the EML is 0.83 μm and that of the optical output interface is 3.3 μm, while the magnification of the lens is 4× to compensate for the difference in the spot sizes for each optic. Due to the magnification of the lens, the allowable positional tolerance of the lens assembly for the multi-lane optics reduces to ±0.3 μm from ±1.5 μm for the single-lane optics where the target coupling loss is assumed to be 1.3 dB (the solid line in Fig. 3 ). The variation of the lens position is usually more than a few microns when it is fixed by laser welding, gluing etc., so that excessive loss due to lens misalignment is normally unavoidable with multi-lane optics.
In order to overcome this problem, we propose a precise lens-alignment technique to control the lens position after the lens misalignment has occurred. To achieve the submicron control needed to compensate the misalignment, we cause plastic deformation of the stainless steel of the lens holder by high-power laser irradiation. Figure 4 depicts the concept and principles of the proposed technique. The lens is bonded to the lens holder at the top of the lens. Irradiating the top of the holder with a high-power laser, e.g. a YAG laser, causes a state change of the lens holder, inducing a compressive stress at the surface, with solidification after melting. The lens holder is thus distorted slightly. We and (c). For the +y direction, we deform the base underneath the lens holder as shown in Fig. 4 (a) . If the top of the base is irradiated, the base adopts a downward convex shape. As a result of this deformation of the base, the lens shifts in the +y direction as shown in Fig. 4 (d) . In the proposed method, we can detect the direction and degree in which the lenses should be moved by monitoring the beam angles and positions (e.g., a CCD camera) at the end of the multiplexer. of ±0.3 μm. We put nine lens samples in an initial position +1.7 μm away from the optimum position, the thickness of the lens holder being 0.4 mm, the width in the x-axis being 2.8 mm, the depth in the z-axis being1.8 mm and the height in the y-axis being 2.6 mm. The position of the lens can be controlled to within the target range of ±0.3 μm from the optimum position by less than three laser irradiations with energies of 0.7 J and 0.5 J. The laser power is determined by considering both minimization of the number of irradiations and the degree of shift. The irradiation cycle is not to be limited to three times. The irradiations are carried out until the lens is controlled to be within the target range. These results indicate that the precise lens-alignment technique is fully established [14] , [16] .
However, it is difficult to apply the proposed technique to a small TOSA complying with a small transceiver formfactor such as CFP4 or QSFP28, because the lens holders limit the ability to downsize the TOSA. To overcome this problem, we developed the new lens holder avoiding side pillars shown in Fig. 6 (a) . In order to control the lens position precisely, we use the same method as previously, irradiating the top of the lens holder or the base with a high-power laser, as shown in Figs. 6 (b)-(d) . The new lens holder allows us to reduce the overall width of the lens-alignment system.
Low-Loss Built-In Spatial Mux/Demux Optics
The low-loss built-in technique is applied to both OSAs. However, the Spatial Demux optics for the ROSA requires more precise alignment than the Spatial Mux optics for the TOSA because the polarizations of incident light to the Spatial Mux and Demux optics are fixed and random. Hence, we explain the detail of this technique with focusing on the ROSA. The built-in Spatial Demux optics require precise control when assembling the optical components. Angular misalignment of the band-pass filters will cause the angle and position of the reflected light to depart from the design, so that the aperture loss for light incident on the PDs increases. Since the insertion loss depends on the incident angle to the band-pass filters, the Spatial Demux optics need some kind of adjustment structure. These extra structures result in a cost increase and larger footprint. In order to avoid the excess loss without adding extra structures, we integrated all the optical components into one assembly block as shown in Fig. 7 . The Spatial Demux optics consist of band-pass filters, a mirror, a triangular prism, and a lens array attached together to a small prism 5 mm × 8 mm. The input light is demultiplexed by multiple reflections between the band-pass filters and the mirror. Each light passing through a band-pass filter is bent towards the PD array by the triangular prism. This array of optics allows us to control the misalignment of the band-pass filters to within ±0.05
• , because the band-pass filters and the mirror, which require the most precise assembly of all the optical components, are bonded to the accurately shaped prism.
We investigated the relationship between excess insertion loss and band-pass filter misalignment in angle and position. Figure 8 shows the calculated contour map of aper- ture loss versus incident angle and position when the aperture of the PD array is 20 μm φ, the lens focal length is 1.0 mm, and the incident beam diameter is 300 μm. The region enclosed with a red line indicates the edge of the target aperture loss of less than 1.0 dB. For non-multi-reflection optics, the optical alignment is accomplished by accurately locating the band-pass filter for each lane independently as shown in Fig. 8 . On the other hand, for multi-reflection optics, this conventional procedure is not suitable because the angular shift of the incident light is twice that of the band-pass filter which is reflecting the light. Moreover, these variations of the incident light are cumulative over the following bandpass filters. In particular, Lane 3 is the one most affected by misalignment of the band-pass filters.
In order to estimate accurately the required precision of band-pass filter alignment, we simulated the dependency of the yield ratio on the variation in band-pass filter positioning using the Monte Carlo method (10,000 trials). Figure 9 illustrates the distribution of the incident angle and positional errors for the Lane 3 light, assuming that the tilts of the Lane 0, 1 and 2 band-pass filters are random, following a normal distribution with 2σ equal to (a) 0.05
• and (b) 0.10
• for each trial. Each point on the map indicates the results of a trial obtained by calculation based on ray tracing. In this simulation, the yield ratio of the Demux optics is expected to be 99.93% for case (a) and 94.5% for case (b). We conclude that an assembly accuracy of ±0.05
• for the band-pass fil- ters is a good target, yielding a low excess loss of 1.0 dB. Figure 10 is the histogram of the absolute angle of the bandpass filters attached to a prism for the fabricated built-in Demux optics. The angular precision fully meets the required ±0.05
• [17] .
Electrical Connection for High-Frequency Signals
Coaxial cables and connectors have good high-frequency performance, so they are generally used as the electrical signal interface for the high-frequency signals of an OSA. However, such electrical interfaces cannot to be used for an integrated OSA because of their large size. The use of FPC instead of coaxial cables and connectors is indispensable for a compact integrated OSA. The challenge is to minimize any degradation of the optical waveform due to poor high-frequency characteristics at the FPC interface caused by reflection at its junction with the printed circuit board (PCB).
To overcome this, we propose the new approach to an impedance-matched PCB-FPC connection shown in Fig. 11 . The proposed FPC has three metallic layers, a padding layer, a signal-line layer and a ground layer, whereas a conventional FPC has only two metallic layers, a signal-line layer and a ground layer. A 50 Ω microstrip transmission line (MSL) is formed on the FPC by the 50 μm thick polyimide base material. The PCB has just two layers, a signal layer and a ground layer. An MSL is formed on the PCB using the 250 μm thick core material. The FPC is mounted on the PCB such that the FPC's padding layer faces the PCB's signal layer. We design the FPC pad to have the same structure as in a conventional 10 Gb/s XMD-MSA module, which has a pad spacing D of 0.79 mm, and a pad width W P of 0.45 mm. In the junction region, we create a coplanar waveguide (CPW) with a wide FPC signal track in the signal-line layer and a notched PCB ground pattern as shown in Fig. 12 .
With the proposed structure, we can control the impedance by the width of the wide signal track alone. We do not need to change the form of the padding layer. This means that this type of connection enables us to reduce the impedancemismatch between the PCB and FPC signal lines without compromising the mountability.
We simulated the high-frequency characteristics by the FEM. Figure 13 shows the reflection parameter S 11 where W S is 0.8 mm, yielding a 50 Ω CPW. For comparison, we also show the calculated results for a conventional two-layer FPC. The input and output ports are assumed to be 2.5 mm long 50 Ω MSLs formed at the PCB and FPC edges. For the conventional two-layer structure, the maximum S 11 is worse than 10 dB in the frequency range from 0 to 30 GHz. On the other hand, the proposed three-layer structure improves S 11 to better than 22 dB. These results indicate that the proposed three-layer FPC structure has good enough high-frequency characteristics for use in the integrated OSA [18] . Figure 14 shows photographs of the fabricated 100GbE integrated TOSA and ROSA with the built-in Spatial Mux and Demux optics. The narrow lens holder structure shown in Fig. 6 is applied to the TOSA. The TOSA and ROSA packages excluding the LC receptacle, fiber and FPCs are 15.1 mm L × 6.5 mm W × 5.6 mm H, and 17.0 mm L × 12.0 mm W × 7.0 mm H [17] , respectively, which comply with the QSFP28 and CFP2 form factors. For both of the OSAs, two FPCs are attached directly to the ceramic feedthroughs formed at the rear of the packages without any lead-pins so as to reduce the package width. One of the FPCs is for the high frequency signals and the other is for the DC bias of the EMLs, TEC, PDs and TIAs. The width of the ROSA is due to the four discrete TIAs which were mounted on the base.
Characteristics of Prototype TOSA and ROSA
6.1 TOSA Figure 15 shows the measured relative output power spectrum of the fabricated 100 Gb/s integrated TOSA. The four EMLs are driven simultaneously with an operating current of 60 mA. The wavelengths of the lanes were 1295.5, 1300.2, 1304.9 and 1309.3 nm, respectively, satisfying the specification of 100 Gb/s Ethernet. The DC output powers of the lanes were +4.40, +4.22, +4.37 and +4.4 dBm, respectively, which enables the average output power to be more than +1.0 dBm with 28 Gb/s non-return to zero (NRZ) modulation of all lanes. The coupling loss for each lane was less than −2.6 dB which included the insertion losses of isolators and the built-in spatial Mux optics. In addition, the variations in the output powers for all lanes were less than ±0.5 dB over a case temperature range from −5 to +80
• C. The precise lens-alignment technique allows us to obtain high output power. Figure 16 shows fiber output powers depending on the operating currents with the EML and case temperatures of 55 and 30
• C. There was no kink when the operating current is less than 75 mA for each lane.
We also evaluated the four 28 Gb/s waveforms in a back-to-back configuration as shown in Fig. 17 . All the data were measured with all the lanes modulated at the same time using 28 Gb/s PRBS31 (2 31 − 1 pseudo-random binary sequence) NRZ electrical signals with a low voltage of 1.75 V peak-to-peak . Clear eye openings were successfully obtained with large mask margins of 15, 12, 11 and 17% for each lane. The extinction ratios were 9.4, 9.1, 9.2 and 9.5 dB, respectively.
ROSA
The measured transmittances of the four lanes are plotted in Fig. 18 ; the lower plot covers 0 to −25 dB, the upper part is a magnified plot covering 0 to −2 dB. These transmittances are evaluated from the received currents of the four-lane PD array normalized by the response of each PD. The adjacentlane isolation for all lanes was more than 20.0 dB, and the optical losses of Lanes 0, 1, 2 and 3 were 0.21, 0.10, 0.19 and 0.8 dB respectively. The loss of Lane 3 was larger than those of the others. This is due to the aperture loss of the collimated light path to Lane 3, which is the longest. Figure 19 is the measured bit error ratio (BER). The input optical signal was NRZ modulated with PRBS31 at 25.78125 Gb/s, the extinction ratio being 10.5 dB. The sensitivity criterion of IEEE 802.3ba [2] is also marked at the −10.8 dBm average power level, which is converted from −8.6 dBm OMA. The average power sensitivities of Lanes Figure 18 also shows each lane's BER results in the presence of an adjacent lane. The loss of sensitivity due to the crosstalk is less than 0.1 dB. These results indicate that the electrical and optical isolation is high enough to suppress the crosstalk.
Conclusions
We have developed three assembly technologies for the integrated TOSA and ROSA, a precise lens-alignment technique, low-loss built-in Spatial Multiplexing optics and a well matched electrical connection for the high-frequency signals. This combination of three techniques allows us to realize a compact TOSA 15.1 mm L × 6.5 mm W × 5.6 mm H, and a compact ROSA 17.0 mm L × 12.0 mm W × 7.0 mm H, with good 100 Gb/s Ethernet transmission performance. They are respectively suitable for the QSFP28 and CFP2 form factors. We expect these assembly technologies will contribute to the realization of the next generation of integrated optical devices for transmission systems operating at 100 Gb/s and over.
